Isolated hearts in ventricular fibrillation can be defibrillated without interfering with the conduction of normal impulses arriving from the atria by the perfusion of solutions containing only about half of the normal sodium content. Reversion to a sinus rhythm occurs without a pause. The action of these solutions, which closely resembles that of normal solutions containing an excess of KC1 or procaine, supports the hypothesis that these agents defibrillate by interfering with the entrance of sodium ions in the rising phase of the action potential. Defibrillation by this mechanism would be possible if ventricular fibrillation were the result of the discharge of premature impulses having a low safety factor of propagation from one or more ectopic foci.
Isolated hearts in ventricular fibrillation can be defibrillated without interfering with the conduction of normal impulses arriving from the atria by the perfusion of solutions containing only about half of the normal sodium content. Reversion to a sinus rhythm occurs without a pause. The action of these solutions, which closely resembles that of normal solutions containing an excess of KC1 or procaine, supports the hypothesis that these agents defibrillate by interfering with the entrance of sodium ions in the rising phase of the action potential. Defibrillation by this mechanism would be possible if ventricular fibrillation were the result of the discharge of premature impulses having a low safety factor of propagation from one or more ectopic foci.
W EIDMANN 1 has shown that the upstroke of the action potential inPurkinje fibers, as in nerve and skeletal muscle fibers, is due to a specific increase in the sodium permeability of the fiber membrane. The main evidence for this conclusion is that the steepness of the upstroke can be reduced by lowering the concentration of sodium ions in the extracellular fluid. The steepness of the upstroke, furthermore, is diminished in a similar manner when the membrane potential is reduced 1 or when local anesthetics, such as quinidine or procaine amide, are applied to the fibers. 2 Since the transfer of sodium ions into the fibers is commonly assumed to be effected by a "carrier system" in the membrane, Weidmann concluded that these procedures interfere with the entrance of sodium because they inactivate the carrier.
Ventricular fibrillation can be stopped, with the ventricles still able to conduct normal impulses, either by increasing the potassium concentration in the extracellular fluid or by adding a local anesthetic to it. In the first case the membrane would be depolarized, 1 in the second it would not. 2 Weidmann's work shows that a depression of the inward sodium current is a common consequence of membrane depolarization and the action of local anesthetics. If this action were the basis of the de-From the Pharmacology Section, Sterling-Winthrop Research Institute, Rensselaer, N. Y.
Received for publication March 1, 1957. fibrillatory effect of these agencies, depressing the rate of entry of sodium ions into cardiac fibers by reducing the sodium concentration in the extracellular fluid should have a similar antiarrhythmic effect. The experiments to be described were performed to test this possibility.
METHODS
The electric activity of isolated rabbit hearts perfused with Krebs-Henseleit solution in the Langendorff apparatus was recorded in a manner previously described. 3 Ventricular fibrillation was initiated in most instances by the rapid injection of 0.8 ml. of 0.55 M CaCl 2 into the perfusion stream. 3 In a few hearts it was initiated by injecting 1 mg. of epinephrine followed a few minutes later by 0.4 ml. of 2 per cent procaine or 0.2 ml. of 0.77 M KC1. 4 ' 5 In one instance, the ventricular fibrillation occurred spontaneously while the heart was being removed from the rabbit. In all, about 100 hearts were studied.
Normal Krebs-Henseleit solution lias the following cationic content: Na + , 143.0 mEq./L.; K + , 5.9 mEq./L.; Ca++, 5.1 mEq./L.; and Mg++, 2.4 mEq./L. It is worth noting that the concentration of K + in this solution is nearly double that in Tyrode's solution, while the calcium concentration is approximately the same. From figures published by Brooks, Hoffman, Suckling, and Orias, 6 this difference in K + content could make as much as a 10-15 mv. difference in the resting membrane potential at the Ca"^ level prevailing in both solutions. A justification for using Krebs' solution is that it was designed to reproduce closely the accepted values for the inorganic constituents of mammalian serum. 7 In the preparation of low sodium solutions, osmotically equivalent amounts of sucrose were used to replace the sodium chloride omitted.
RESULTS
It was necessary to remove at least one-half the normal sodium content of Krebs-Henseleit solution (75 mEq./L. or less) in order to show defibrillatory effects. However, solutions containing 80 to 100 mEq./L. did slow the rate of the fibrillatory oscillations and increase their amplitude. All electric activity in the ventricles ceased within a few minutes when the concentration was lowered to 45 mEq./L. It returned promptly when the perfusion of a normal solution was resumed. Electric activity was maintained at this sodium level, however, if the potassium level was also reduced to 2.2 mEq./L.
The defibrillatory effect of a solution containing 60.4 mEq./L. of sodium on ventricular fibrillation induced by an injection of CaCl 2 is shown in figure 1A . A few seconds after the change to the low sodium solution, the fibrillatory oscillations slowed and increased in amplitude. Four minutes later, a coarse, irregular flutter developed which persisted for 14 min. more before an abrupt reversion to a sinus rhythm occurred ( fig. 1 A, tracing 2a ). The electrocardiograms shown in tracing AS were taken 6 sec. later. A minute later perfusion of a normal solution was resumed, but, even after 25 min., recovery of the electrocardiogram was not complete (tracing A4). The defibrillatory action of low sodium solutions can be almost exactly reproduced by a solution containing the normal amount of sodium but with the potassium concentration elevated. In the experiment shown in figure IB, it was nearly doubled. The chief points of resemblance are slowing of the fibrillatory oscillations with an increase in amplitude, abrupt reversion to a sinus rhythm without any pause and similar QRST complexes following reversion.
The defibrillatory effect of a low sodium solution was not always obtained in the clearcut fashion illustrated in figure 1A . Instead, in many instances, after a period of reversion to sinus beats, usually accompanied by some degree of A-V block, there would be a resumption of fibrillation. This phenomenon appeared to be related to the calcium content of Krebs' solution, since it could be circumvented by lowering the calcium concentration as well as the sodium concentration. For example, a solution containing 3.4 mEq. of calcium/L. was not able to defibrillate any of 4 hearts when the sodium was normal, while it caused defibrillation in five hearts when the sodium concentration was 60.4 mEq./L. The reversion to a normal sinus rhythm occurred abruptly without a pause, and there was no tendency to resume fibrillation in any of the five cases.
The configuration of the QRST complex and the lengthened P-R interval shown in tracing A3 were characteristic of the beats immediately following reversion with low sodium solutions. However, when normal hearts were equilibrated with low sodium solutions of similar concentration the configuration characteristic of the reverted beats could not be obtained definite, increase in the QRS duration, and, in spite of the increased QliS duration, a reduced Q-T interval (cf. with the control tracing, Bl). These changes were readily reversed when the perfusion medium was made normal (tracing B3). The configuration of the QRST complexes of the reverted beats could be reproduced by low sodium solutions, however, if the calcium concentration of the medium was also raised above the normal level. In the case shown in tracing Al of figure 2, it was double the normal. Apparently the calcium used to initiate fibrillation was involved in producing the configuration of the reverted beats shown in tracing AS of figure 1. In a like manner, when a high potassium solution was used to stop a fibrillation also induced by calcium, the same configurations were obtained. The important point, however, is that a low sodium concentration acted in the same manner with calcium as did an elevated potassium concentration.
A reduction in the sodium concentration of the extracellular fluid enhances the effects of potassium on intraventricular conduction. Tracing B4 of figure 2 shows the effect of injecting 0.4 ml. of isotonic KG (0.154M) when the heart is in equilibrium with a perfusion medium containing 60.4 mEq. of sodium/L. The change from the configuration shown in tracing B2, made just before the injection, resembled that obtained when a solution normal with respect to sodium but containing twice the normal amount of potassium was perfused (tracing A2 of figure 2). When the sodium concentration was returned to normal, the same injection that caused the result of B4 had relatively little effect (tracing B6). In fact, it then had less effect than a much smaller injection when the sodium content was low (tracing BS). The defibrillatory effects of potassium injections were also enhanced when the sodium concentration was lower than normal. DISCUSSION These experiments indicate that in isolated rabbit hearts low sodium solutions can stop ventricular fibrillation without blocking the conduction of normal impulses. In this respect the low sodium solutions act like solutions of normal sodium content to which either procaine or extra potassium chloride has been added. In view of this similarity, the hypothesis appears to be tenable that the defibrillatory effects of procaine and excess potassium chloride are chiefly due to their ability to depress the rate of entrance of sodium which causes the rising phase of the action potential. The only demonstrated effect of lowering the external sodium concentration is to depress this inward sodium current. 1 ' 6 Depression of the inward sodium current during the initial phase of cardiac impulses could be a defibrillatory mechanism if ventricular fibrillation were due to the driving action of one or more foci discharging trains of premature impulses at a relatively high rate (see Scherf, Schaffer, and Blumenfeld 8 for a discussion of the evidence). Potentials recorded with intracellular electrodes from Purkinje fibers during the occurrence of chemically induced premature impulses showed that each premature action potential arose at a time when the membrane was not yet fully recovered from the preceding depolarization. 9 -10 Weidmann 2 found that the velocity of the upstroke of electrically induced premature impulses was reduced and concluded that owing to the low membrane potential prevailing before recovery of polarization was completed, the sodiumcarrier system was largely in an inactive state when these impulses were initiated. He also showed that, at any given membrane potential, the velocity of the upstroke of the action potential was reduced when the sodium concentration of the external medium was lowered. In the range of membrane potentials of 51 to 59 mv., impulses could be obtained when the sodium concentration was normal but not when it was 25 per cent of normal, 2 whereas at higher membrane potentials, reduction of the sodium level to this extent did not block. This range of potentials obtains when premature potentials arise during the recovery phase of preceding impulses as a result of general chemical stimulation. 9 -10 The development of such impulses will therefore depend on the facility with which sodium can enter the cell. If the sodium current is depressed by interfering with the sodium carrier or by removing sodium from the medium, premature impulses might be abolished while normal impulses, arising when repolarization is complete, still can be conducted.
The cause of defibrillation by local anesthetics and excess potassium chloride is thus the same as the cause of complete conduction block, the difference being due to the magnitudes of the "safety factor" for propagation and transmission of normal and premature impulses (see Tasaki 11 for the definition of this term). Thus the trains of premature impulses with a presumptively low safety factor, which Scherf and his co-workers 8 have assumed to be the cause of ventricular fibrillation, could be terminated by agencies interfering with the inward transport of sodium, and yet normal sinus impulses arriving at the ventricles at a rate allowing fuller repolarization could still be conducted.
Local anesthetics, such as procaine and quinidine, depress the sodium current by inac-tivating the sodium carrier in the surface, apparently by some physicocheniical action on it, without significantly depolarizing the membrane. 2 ' 12 On the other hand, while excess potassium chloride also causes a depression of the sodium current, it does so indirectly by the depolarization of the membrane it produces. 1 ' 6 Depolarization of the resting membrane is the principal direct effect of potassium excess on cardiac fibers, and it is currently believed that its other actions on cardiac excitability, presumably including defibrillation, are largely explained by it. 6 The additive effects of low sodium and excess potassium shown in figure  2JS and on fibrillation are what would be expected from the foregoing. Crescitelli found that the blocking action of excess potassium on frog nerve was increased when the sodium content of the Ringer's solution was lowered. 13 He also found that this procedure enhanced the blocking action of local anesthetics in the same preparation. 14 If potassium excess effects defibrillation by some mechanism other than the one just described, there exists the possibility that a low sodium level could potentiate this effect and that defibrillation by low sodium solutions might be due to the enhanced defibrillatory action of potassium rather than to the low level of sodium itself. A logical way to test this possibility, even though the nature of the mechanism is unknown, would be to lower the potassium content of the medium as well as the sodium level. However, a low level of potassium is known to increase the ability of chemical 3 and electric 16 stimuli to cause and maintain fibrillation. When the concentration is around 1.5 mEq./L. or less fibrillation may even occur spontaneously. Under these circumstances, as long as there is sufficient sodium available to maintain electrical activity fibrillation will usually continue. The low sodium solutions are not without effect, however, since they slow the frequency and increase the amplitude of the fibrillatory oscillations. This is also what occurs prior to reversion with low sodium when the potassium concentration is normal. Apparently when the potassium level is low and the tendency to fibrillate thereby increased, fibrillation can only be stopped at sodium levels which also stop normal impulses.
SUMMARY
The ability of a perfusion medium with lowered sodium content to defibrillate ventricles in fibrillation was studied electrocardiographically in isolated rabbit hearts perfused in the Langendorff apparatus. Ventricular fibrillation was chiefly initiated by injections of calcium chloride, but other types were also studied.
Solutions in which approximately half of the normal amount of sodium chloride was replaced by osmotically equivalent amounts of sucrose could defibrillate ventricles without preventing the conduction of normal impulses arriving from the atria. This reversion to a sinus rhythm occurred without a pause. The action of these solutions closely resembles that of normal solutions containing an excess of potassium chloride or procaine.
The results obtained support the hypothesis that antifibrillatory drugs and excess potassium chloride defibrillate by interfering with the entrance of sodium ions in the rising phase of the action potential. This mechanism is understandable if ventricular fibrillation involves the discharge from one or more ectopic foci of premature impulses which have a lower "safety factor" of propagation and transmission than sinus impulses that are transmitted to the ventricles have.
SUMMARIO IN INTERLINGUA
Le facto que medios de perfusion con reducite contentos de natrium es capace a disfibrillar ventriculos in fibrillation esseva studiate electrocardiographicamente in isolate cordes de conilio perfusionate in le apparato de Langendorff. Le fibrillation ventricular esseva initiate principalmente per injectiones de chloruro de calcium, sed altere methodos esseva etiam studiate.
Solutiones in que circa un medietate del normal contento de chloruro de natrium esseva reimplaciate per osmoticamente equivalente quantitates de sucrosa se monstrava capace a disfibrillar ventriculos sin prevenir le conduction de impulsos normal veniente ab le atrios. Iste reversion a un rhythmo sinusal occurreva sin pausa. Le action de iste solutiones es multo simile al action de solutiones normal que contine excessos de chloruro de kalium o procaina.
Le resultatos obtenite supporta le hypothese que drogas antifibrillatori e chloruro de kalium exerce lor effecto disfibrillatori per obstruer le entrata de iones de natrium in le phase ascendente del potential de activitate. Iste mechanismo pote esser comprendite si il es correcte que le fibrillation ventricular resulta del discarga, ab un o plure focos ectopic, de impulsos prematur que es characterisate per plus basse "factores de securitate" in le propagation e le transmission que impulsos sinusal transmittite al ventriculos.
